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As viruses are reliant upon their host cell to serve as proper environments for their replication, many have
evolved mechanisms to alter intracellular conditions to suit their own needs. For example, human cytomega-
lovirus induces quiescent cells to enter the cell cycle and then arrests them in late G1, before they enter the S
phase, a cell cycle compartment that is presumably favorable for viral replication. Here we show that the
protein product of the human cytomegalovirus UL82 gene, pp71, can accelerate the movement of cells through
the G1 phase of the cell cycle. This activity would help infected cells reach the late G1 arrest point sooner and
thus may stimulate the infectious cycle. pp71 also induces DNA synthesis in quiescent cells, but a pp71 mutant
protein that is unable to induce quiescent cells to enter the cell cycle still retains the ability to accelerate the
G1 phase. Thus, the mechanism through which pp71 accelerates G1 cell cycle progression appears to be distinct
from the one that it employs to induce quiescent cells to exit G0 and subsequently enter the S phase.

Human cytomegalovirus (HCMV) is a betaherpesvirus that
can cause serious disease in individuals with immature or com-
promised immune systems (reviewed in reference 44). Our lab
has been exploring the complicated interplay between HCMV
and its host cell during the lytic replication cycle in vitro. We
have been most interested in virus-induced alterations in cel-
lular gene expression (8, 79, 80) and cell cycle progression (35,
36).

Cell cycle transit (55, 64) in mammalian cells is controlled by
a family of cyclin-dependent kinases (cdk’s) whose activity is
dependent upon the correct subset of phosphorylations and
their physical association with a cyclin protein. The synthesis
and degradation of cyclin proteins are tightly regulated, and
this, as well as the action of the cdk inhibitors, contributes to
the control of cell cycle progression. During the early G1

phase, as well as in the G0 compartment, cdk’s are held inac-
tive, either because their obligate cyclin partner has not yet
been synthesized or because of the action of the cdk inhibitors.
Because of this, the retinoblastoma tumor suppressor protein
(Rb) is hypophosphorylated and is found in a complex with the
E2F family of transcription factors (reviewed in reference 74).
This complex represses transcription from E2F-responsive
promoters, and since many genes required for S-phase pro-
gression respond to E2F, cellular DNA replication is pre-
vented. As cells progress through G1, cdk4/cyclin D complexes
become activated and phosphorylate Rb, liberating E2F, which
can now activate transcription from promoters with E2F bind-
ing sites, such as the cyclin E promoter (49). Synthesis of this
cyclin and its subsequent pairing with cdk2 produce an active
kinase, which is thought to be important for induction of late-
G1/early-S-phase events. As cells enter S phase, cyclin E-asso-
ciated kinase activity decreases and cyclin A-associated kinase
activity increases, leading to cellular DNA replication and fur-
ther cell cycle progression.

HCMV infection of human fibroblasts induces profound
changes in cell cycle regulation (reviewed in reference 29).
Infection of asynchronous proliferating cells results in a cell
cycle arrest in G1 (5, 13, 35). A cell cycle arrest in G2 has been
observed in some experiments (25, 35) but not in others (62).
HCMV infection of cells brought to quiescence either by con-
tact inhibition or by serum starvation results in an elevation of
the level of the protein and associated kinase activity of cyclin
E, but not cyclin A (5), and does not stimulate host genomic
DNA synthesis (5, 35). Thus, infection of quiescent cells stim-
ulates their reentry into the cell cycle and progression through
G1 phase, with an eventual cell cycle arrest at the G1/S border.
This is consistent with earlier studies showing that HCMV
infection induces the genes for dihydrofolate reductase (73)
and thymidine kinase (15), which participate in nucleotide
biosynthesis, and c-myc (4), which induces the expression of
genes involved in polyamine and pyrimidine synthesis (3, 40).
The G1/S compartment presumably offers a favorable environ-
ment for viral replication, since the precursors for DNA rep-
lication are available but not being consumed in the synthesis
of the host cell’s genomic DNA. The delay in the viral life cycle
observed in cells infected during the S phase (62) supports this
hypothesis.

Multiple HCMV proteins have been shown to modulate cell
cycle progression. The IE2 protein, as well as IE1 (in the
absence of a functional p53 pathway), can drive quiescent cells
into the cell cycle (9, 76). Interestingly, IE2-stimulated cell
cycle progression results in an arrest at the G1/S border (45, 75,
76). The mechanisms through which these alterations occur are
unknown. However, the ability of IE2 to activate transcription
from E2F-responsive promoters (66) may be responsible for
the cell cycle stimulation afforded by this protein. Both IE1 and
IE2 perform multiple functions, including the regulation of
transcription (reviewed in reference 44) and inhibition of ap-
optosis (78), and they are mutagenic when expressed in cells
(63). IE1 is a kinase that binds to (53) and phosphorylates (52)
members of the Rb family. Two additional viral products can
modulate cell cycle progression. The product of the UL69 gene
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arrests cells with a 2n DNA content (G1 phase or the G1/S
border) through an unknown mechanism (36). We recently
have shown that the UL82 gene product of HCMV, pp71,
which is a component of infectious virions, stimulates quies-
cent cells to enter the cell cycle by degrading the hypophos-
phorylated members of the Rb family of tumor suppressors in
a proteasome-dependent manner (26a).

In this report, we demonstrate that pp71 modulates cell cycle
progression in cultures of actively growing asynchronous and
synchronized cells by accelerating progression through the G1

phase of the cell cycle. This activity may be important to ensure
that infected cells reach the late G1 arrest point in a timely
fashion. The mechanism by which pp71 accelerates G1 pro-
gression appears to be distinct from its ability to stimulate the
movement of quiescent cells out of the G0 compartment.

MATERIALS AND METHODS

Cell line propagation and synchronization. U-2 OS, 293, Rat-1, and REF-52
rat fibroblasts and 12.1 mouse fibroblasts were maintained in Dulbecco’s modi-
fication of Eagle’s medium (DMEM; Sigma) supplemented with 10% fetal bo-
vine serum (FBS; HyClone). U-2 OS cells were transfected as described previ-
ously (27), and 12.1 cells were transfected by electroporation. For serum
starvation, cells were washed once with and then cultured in DMEM plus 0.1%
FBS for 48 h (REF-52) or 72 h (Rat-1). Starved cells were stimulated with serum
by changing the culture medium to DMEM plus 10% FBS. REF-52 cells syn-
chronized in mitosis were generated by culturing asynchronous cells in medium
containing 40 ng of nocodazole/ml for 5 h and collecting the loosely attached and
floating cells, which were subsequently washed once in phosphate-buffered saline
(PBS) and once in medium before plating.

Plasmids and recombinant adenoviruses. pCDNA3 was from Invitrogen.
pCMV71, pCMV71-R, pCGNpp65 (2) pCGN, pCGN71, pCMVE1A,
pCMVE2F-1 (26a), and pBB14 (7, 28) have been described elsewhere. Recom-
binant adenoviruses were generated by the AdEasy system (21) and have been
described elsewhere (26a). Adenovirus stocks were prepared and infectious titers
were determined by optical absorbance as described previously (42).

Generation of pp71-expressing cell lines. REF-52 cells were cotransfected
with 5 �g of SacI-digested pCGN71 and 1 �g of SacI-digested pCDNA3 by
electroporation. Forty-eight hours later, selection medium (DMEM–10% FBS–
500 �g of G418/ml) was applied. Approximately 2 weeks later, resistant colonies
were cloned and expanded.

Flow cytometry. Cells were harvested, fixed in ethanol, and stained with pro-
pidium iodide (PI) as described previously (27, 28). To determine bromode-
oxyuridine (BrDU) incorporation, ethanol-fixed cells were washed once with
PBS-S (PBS plus 0.5% bovine serum albumin and 0.5% goat serum), and their
DNA was denatured with 2 N HCl for 30 min at room temperature. After
washing with PBS-S, residual acidity was neutralized with 0.1 M sodium borate
(pH 8.5) and the cells were washed again with PBS-S prior to incubation for 30
min at room temperature with a 1.5-�g/ml solution of fluorescein isothiocyanate
(FITC)-coupled anti-BrDU antibody. The cells were then washed twice with
PBS-S and stained at 4°C for 30 min with 5 �g of PI/ml in PBS containing 100 �g
of RNase A/ml. The low level of PI employed in these experiments is necessary
to minimize quenching of the FITC signal (67; A. J. Beavis and R. F. Kalejta,
unpublished observations). Flow cytometric data acquisition and analysis were
performed as described previously (27, 28). For simultaneous BrDU and PI
analysis, the BrDU signal was collected as an FL1 parameter, the PI was col-
lected as an FL3 parameter, and spectral overlap was eliminated by electronic
compensation.

Assays for gene expression and BrDU incorporation. Transactivation of the
HCMV major immediate-early promoter was examined by transient transfection
of 12.1 cells and detection of luciferase activity by employing a Monolight 2010
luminometer. The number of light units is presented relative to the optical
density of the sample at 260 nm to control for sample recovery. The reporter
plasmid pGL3-HCMV-MIEP has been described previously (59). BrDU incor-
poration, detection by fluorescence microscopy, and the counting of nuclei have
been described elsewhere (26a).

RESULTS

HCMV pp71 modulates cell cycle progression in asynchro-
nous cell populations. We developed a novel transient-trans-
fection assay with the ability to identify proteins that affect cell
cycle progression (27, 28). This assay utilizes a membrane-
localized green fluorescent protein (GFP) fusion protein
marker to identify the subpopulation of transfected cells and
PI staining to measure DNA content (cell cycle position) by
flow cytometry. A marker is required since only a minority of
the cells actually receive and express the transfected DNA, and
it is only in those cells that a biological effect is expected. We
employ a membrane-localized enhanced GFP as the marker
because GFP is a stable protein and easily detected by flow
cytometry, but it must be anchored to an intracellular structure
to prevent it from leaching out of the cell during the perme-
abilization of cells with ethanol in preparation for staining with
PI (27, 28). One of our approaches to identifying HCMV genes
that could alter cell cycle progression was to perform this assay
with candidate viral genes that we thought were likely to be cell
cycle regulators.

One such gene was UL82, which codes for the pp71 protein.
This HCMV protein shares some characteristics with the her-
pes simplex virus type 1 VP16 protein (reviewed in reference
16). Both are incorporated into virions, transactivate viral im-
mediate-early gene synthesis, and increase the infectivity of
transfected viral genomic DNA. Since VP16 binds to the cell
cycle modulator HCF (18), we reasoned that pp71 might also
interact with regulators of the cell cycle, perhaps resulting in
both alterations in cell cycle progression and enhanced infec-
tivity.

To test if pp71 could alter cell cycle progression, we em-
ployed in our transient-transfection assay increasing amounts
of pCMV71, a plasmid that encodes the UL82 gene of the
Towne strain of HCMV. Actively growing cells cotransfected
with GFP and the pp71 expression vector showed altered cell
cycle profiles in the GFP-positive cells (those that received the
transfected DNA) (Fig. 1A). This cell population contained
fewer cells in G1 and more in S phase than did the cells in the
same transfection reaction that did not receive plasmid DNA
(GFP negative). The effect was observed with each amount of
pp71 plasmid examined. Transfection of a control plasmid with
the pp71 coding region in reverse orientation (pCMV71-R) so
as not to make a functional protein had no effect on cell cycle
progression (Fig. 1A). To allow for a quantitative comparison
between individual experiments, we calculated the decrease in
the percentage of GFP-positive cells with a G1 DNA content
compared to the G1 cells in the GFP-negative population of
the same transfection (Fig. 1B). This demonstrated that trans-
fection of asynchronous cells with pp71, but not with equal
amounts of a vector unable to make a functional protein, could
significantly decrease the percentage of cells in G1 (Fig. 1B).

Either of two models can explain the decrease in G1 and the
increase in S-phase cells observed when pp71 was expressed
(Fig. 1). pp71 could inhibit progression through the S phase by
arresting or dramatically slowing cell cycle progression. This
first model predicts that, if cells were analyzed at different
times after transfection, the DNA histograms would remain
essentially unchanged and the number of cells in S phase would
either remain constant or increase. In the second model, pp71
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causes an acceleration through the G1 phase of the cell cycle.
This would cause cells to reach the S phase prematurely, be-
fore they are fully prepared to replicate their DNA, and thus
slow the progression of early-S-phase events, causing cells to
accumulate. If pp71 were to function in this manner, cells
sampled at different times after transfection should enter, tra-
verse, and eventually leave the S phase.

To distinguish between the two models, actively growing
cells were transfected with pCMV71 or pCGN71, which ex-
presses pp71 encoded by the Towne and AD169 strains of
HCMV, respectively, and cultures were harvested for DNA
content analysis at the indicated times (Fig. 2A). We observed
a bolus of cells in the transfected cell population that moved
through the cell cycle, entering the S phase at about 24 h;
passing through S and into G2 by 36 h; and completing mitosis,
traversing G1, and entering S phase again by 48 h after trans-
fection. Because these cells continued to cycle, we conclude

that the pp71-induced decrease in G1 and increase in S do not
result from an arrest of the cells in the early S phase but rather
from a stimulation of cell cycle progression, most probably in
the G1 phase. Not surprisingly, both the Towne and AD169
pp71 proteins share this activity.

Since we suspected that pp71 stimulated cell cycle progres-
sion through the G1 phase, we compared its effects on cells to
those of the adenovirus E1A protein, a viral oncogene known
to modulate G1 cell cycle progression (reviewed in reference
16). We also employed another HCMV tegument protein,
pp65, as an additional negative control in our transient-trans-
fection assay. The product of the UL83 gene, pp65, is modestly
related in sequence to pp71 (48, 61) but does not act as a
transcription factor, nor does it increase the infectivity of trans-
fected viral genomic DNA (2). We found that E1A and pp71
were able to decrease the number of cells in the G1 phase by

FIG. 1. pp71 alters cell cycle progression. (A) Asynchronous U-2
OS cells were transfected with 1 �g of the GFP marker plasmid
(pBB14) and the indicated amount of the HCMV UL82 (pp71) ex-
pression plasmid pCMV71. Cells were harvested for analysis 48 h later.
A plasmid with the gene for pp71 cloned in reverse orientation
(pCMV71-R) was employed as a control. The DNA histograms of the
untransfected (GFP-minus; average mean fluorescence intensity �
4.04 � 0.24 arbitrary units) and transfected (GFP-plus; average mean
fluorescence intensity � 178 � 4.72 arbitrary units) cells are shown.
The y axes of all the DNA histograms presented in this work are scaled
according to the number of events displayed. (B) The DNA content
histograms created in CellQuest and shown in panel A were quanti-
tated with the MacDNA analysis software. The percent G1 decrease in
GFP-positive cells was calculated from these values.

FIG. 2. pp71 stimulates cell cycle progression. (A) Asynchronous
U-2 OS cells were transfected with 1 �g of pBB14 and 10 �g of an
expression plasmid for either the Towne (pCMV71) or AD169
(pCGN71) UL82 gene and harvested for analysis at the indicated
times. DNA histograms of the GFP-positive (average mean fluores-
cence intensity � 111.77 � 14.85) cells are shown. The average mean
fluorescence intensity of the GFP-minus population was 2.03 � 0.11
(data not shown). (B) Asynchronous U-2 OS cells were transfected
with 1 �g of pBB14 and 10 �g of expression plasmids for the indicated
gene, harvested 48 h after transfection, and analyzed by flow cytom-
etry. The percent G1 decrease in GFP-positive cells was calculated
from DNA content histograms (data not shown) created in CellQuest
and quantitated in MacDNA.
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similar percentages, while transfection with pp65 had only a
minor effect (Fig. 2B). The effect of pp71 in this experiment
was quantitatively similar to the effect observed in Fig. 1.

pp71 accelerates progression through the G1 phase of the
cell cycle. The transfection experiments indicate that pp71
accelerates cell cycle progression through the G1 phase. Ec-
topic expression of cyclins A, D, and E, but not cyclin B, has
also been shown elsewhere to accelerate cells through the G1

phase (1, 23, 26, 30, 46, 50, 51, 54, 56–58, 60, 77). In these
experiments, cell lines were produced that express the cyclin to
be tested. This allowed for a comparison not only of the per-
centages of cells in the G1 phase in asynchronous populations
but also of the lengths of the G1 interval in synchronized
cultures. Therefore, to confirm our initial result, we generated
cell lines that constitutively express pp71.

REF-52 rat fibroblasts were cotransfected with pCGN71, the
AD169 pp71 expression vector, and pCDNA3, which expresses
a neomycin resistance gene. G418-resistant colonies were
cloned, and cell extracts were screened by Western blotting for
pp71 expression employing an antihemagglutinin (anti-HA)
antibody (Fig. 3A). We utilized two clones from the screen that
express pp71 (clones 31 and 56) and two clones that do not
(clones 37 and 49). Immunofluorescence microscopy employ-
ing both the HA antibody and an antiserum specific for pp71
(47) confirmed that pp71 was expressed in more than 99% of
the cells of clones 31 and 56 and was localized to the nucleus
as in transiently transfected and infected cells (data not
shown). Furthermore, the pp71-expressing cells (lines 31 and
56), the parental cell line (REF-52), and the neomycin-resis-
tant clones isolated in the screen which do not express pp71
(lines 37 and 49) all had similar doubling times when grown in
standard medium with serum (Fig. 3B and C), demonstrating
that pp71 does not alter the length of the complete cell cycle.

We analyzed by flow cytometry the DNA content of asyn-
chronous cultures and found that the two pp71-expressing cell
lines showed fewer cells in the G1 phase of the cell cycle than
did the cell lines that do not express the protein. To accurately
determine cell cycle distributions in these experiments, asyn-
chronous cultures were pulsed with BrDU prior to sampling.
The cells were stained with an FITC-coupled antibody specific
for BrDU and with PI for DNA and subsequently analyzed by
flow cytometry (Fig. 4A). Cell lines constitutively expressing
pp71 contained a smaller percentage of cells in G1 than did
those that do not express the protein. This is evidenced in the
PI-stained histograms alone (Fig. 4B, left panel) in which
pp71-expressing cells show a smaller G1 peak and more cells in
early S, as well as when the BrDU-positive (Fig. 4B, right
panel, thick gray lines) and BrDU-negative (Fig. 4B, right
panel, black lines) subpopulations of cells are displayed to-
gether. This analysis indicates that the ratio of early-S-phase
cells to G1-phase cells is substantially greater in cells express-
ing pp71 than in those that do not. The percentage of cells in
each cell cycle phase was determined from dual-color dot plots
(as displayed in Fig. 4A) of PI and BrDU incorporation (Fig.
4C), showing that pp71-expressing cells spend less time in G1

(and more in S) than do cells that do not express the protein.
In these experiments, pp71 advanced cells through G1 and

into S phase about 23% faster than normal cells (Fig. 4D). The
observed G1 acceleration in cells constitutively expressing pp71
is slightly less than in the transiently transfected cells, most

likely due to a lower level of pp71 expression. However, it is
similar in magnitude to the same effect seen in cells either
constitutively or inducibly expressing ectopic cyclin proteins.
For example, cyclin D has been found elsewhere to accelerate
G1 with different efficiencies, 10 to 15% (56), 25% (26), 28%
(30), or 22 to 31% (23). Cyclin A accelerated G1 by 12 to 15%
(58), and cyclin E accelerated G1 by 25% (56) or 33% (50).

We also demonstrated the ability of pp71 to accelerate cell
cycle progression through G1 in synchronized cultures (Fig. 5).
Cells were synchronized in G0 by serum starvation for 48 h and
released into the cell cycle by being fed with medium contain-
ing 10% FBS. At the indicated times, cultures were pulsed with
BrDU for 15 min prior to harvesting. The cells were stained
with an FITC-coupled anti-BrDU antibody and PI and ana-

FIG. 3. Cells that constitutively express pp71 divide at the same
rate as do control cells. (A) REF-52 cells were cotransfected with
pCDNA3 and pCGN71 as described in Materials and Methods, and
colonies resistant to G418 were isolated and cloned. Whole-cell lysates
prepared from the indicated clones were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, blotted to a membrane,
and probed with an anti-HA antibody. The parental REF-52 cells
(R) were also analyzed. Molecular mass markers are shown in kilo-
daltons. (B) The indicated cell lines plated at a low density and fed
fresh medium every 24 h were harvested at the indicated times, and the
number of cells was determined by counting an aliquot of the cells on
a hemocytometer. The pp71-expressing cell lines are 31 (open dia-
monds) and 56 (open circles), and the control cell lines are 37 (filled
squares) and 49 (filled triangles). (C) Cells cultured as described above
were harvested at the indicated times, and the optical density (OD) at
260 nm of an aliquot was determined. The optical density at 260 nm is
indicative of the number of cells in a culture. Symbols are as in panel
B.
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lyzed by flow cytometry, and the number of BrDU-positive
cells at each time point was determined. The pp71-expressing
cells entered the S phase approximately 1 h before the nonex-
pressing cells did (Fig. 5A). The pp71-expressing cells also
reached S phase prior to nonexpressing cells when released
from a mitotic block imposed by nocodazole. Cells expressing
pp71 were found to enter S phase approximately 4 h before
cells that did not express the protein (Fig. 5B), again indicating
that, in pp71-expressing cells, the G1 interval was shortened. It
should be noted that, in this experiment, the length of time
required for the cells to reach S is somewhat longer than
expected, probably because the cells recover slowly from the
mitotic block. A similar effect was observed when the acceler-
ation of the G1 phase by the cyclin proteins was analyzed in rat
fibroblasts (50, 54). The percent increase in S phase by pp71 in

synchronized cultures (Fig. 5C) is similar in magnitude to the
percent G1 decrease observed in asynchronous cultures (Fig. 4)
and the transient-transfection assay (Fig. 1B and 2B), as well as
with the effects of the cyclin proteins (23, 26, 30, 50, 56, 58).

Cells overexpressing ectopic cyclin proteins were also im-
paired in their ability to achieve quiescence upon serum with-
drawal (50, 56). To determine if the same was true of the
pp71-expressing cells, we cultured them in medium with 0.1%
FBS for 48 h before harvesting the cells and analyzing their

FIG. 4. Asynchronous cultures of cells that constitutively express
pp71 have altered cell cycle profiles. (A) Asynchronous cell cultures
pulsed with BrDU prior to harvest were stained as described in Ma-
terials and Methods. Representative dual-color dot plots of control
cells not pulsed with BrDU (left) and pulsed cells (right) are shown.
(B) DNA histograms for the indicated cell lines are displayed. On the
left are total DNA histograms obtained from the PI-stained cells
(BrDU-positive and -negative cells combined). On the right, the PI
profiles of the BrDU-positive (gray lines) and BrDU-negative (black
lines) are separated. Gating was based on dual-color dot plots as in
panel A. (C) The percentage of cells in each phase of the cell cycle was
calculated from dual-color dot plots. The analysis was performed in
triplicate, and standard deviations are shown. (D) The percent de-
creases in the percentages of G1 cells for the indicated cell lines
compared to that for cell line 37 are shown.

FIG. 5. pp71 accelerates cells through the G1 phase of the cell
cycle. (A) REF-52 cells (open circles) and the pp71-expressing cell line
56 (filled squares) were synchronized in G0 by serum starvation for
48 h and then stimulated with serum in the presence of BrDU. At the
indicated times cells were harvested and the percentage of BrDU-
positive cells was determined by flow cytometry. (B) Cells synchro-
nized in mitosis with nocodazole as described in Materials and Meth-
ods were prepared from the pp71-expressing cell lines 31 (open
triangles) and 56 (filled squares) and the control cell line 37 (open
circles). They were washed and replated onto coverslips in the pres-
ence of BrDU. At the indicated times, coverslips were harvested, fixed,
and subsequently stained for BrDU incorporation. BrDU-positive cells
were counted by fluorescence microscopic examination of at least 500
nuclei per time point. (C) Shown are the percent increases in cells in
S phase for the indicated pp71-expressing cell lines from the G0
(hatched bar) and mitotic (solid bars) synchronization experiments.
The percent increase in cells in S phase was calculated by dividing the
difference of the percentage of BrDU-positive cells from the pp71-
expressing cell lines and the control cells by the percentage of BrDU-
positive cells in the control cell line at the time point where those
cultures were 30% BrDU positive.
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DNA content by flow cytometry. As was the case with the
cyclin proteins, cells expressing pp71 were impaired in their
ability to achieve quiescence compared to cells that did not
express the viral protein and showed a higher percentage of
cells in the S phase (Fig. 6A). The magnitude of the decrease
in G1 (Fig. 6B) was reproducible and somewhat less than the
16% effect observed with the cyclin E protein (50).

These experiments demonstrate that pp71 can accelerate the
passage of growing cells through the G1 phase of the cell cycle,
as well as decrease their ability to enter a quiescent state upon
serum withdrawal.

The ability of pp71 to accelerate G1 progression is substan-
tially distinct from its ability to induce G0 cells to enter the cell
cycle. We have recently identified a second cell cycle effect of
pp71 expression: pp71 stimulates quiescent cells to enter the
cell cycle and progress into the S phase (26a). An LxCxD
sequence is present in pp71 that is similar to the LxCxE se-
quence (11) in simian virus 40 T antigen, adenovirus E1A, and
papillomavirus E7. This motif mediates interactions of the
tumor virus proteins with the retinoblastoma family of tumor
suppressors, Rb, p107, and p130 (reviewed in reference 12).
The hypophosphorylated forms of these proteins bind to and
block the activity of the E2F family of transcription factors,
which stimulate the expression of many genes required for

entry into the S phase (reviewed in reference 14). Thus, Rb-
E2F complexes can arrest the cell cycle in G1. Normally, the
cdk-dependent phosphorylation of the Rb family members dis-
rupts their complexes with E2F, resulting in cell cycle stimu-
lation. This association is also disrupted upon the binding of T
antigen, E1A, or E7 to the Rb family member. We have shown
elsewhere that pp71 interacts with the hypophosphorylated
forms of all three members of the Rb family, it induces their
degradation in a proteasome-dependent manner, and a muta-
tion (C219G) in the LxCxD motif eliminates the ability of pp71
to degrade the Rb family members and to drive quiescent cells
into the cell cycle (26a).

The ability of pp71 to direct the degradation of the Rb
family proteins raised the possibility that disruption of the
Rb-E2F pathway was the mechanism by which pp71 acceler-
ates cells through the G1 phase of the cell cycle. To test this
hypothesis, we asked if the pp71 C219G mutant, which fails to
degrade the Rb family members and does not drive quiescent
cells into the cell cycle, was still able to perform this function.
We first employed our transient-transfection assay and found
that the C219G pp71 mutant retained the ability to accelerate
the G1 phase, although with a slightly decreased magnitude
compared to that for the wild-type protein (Fig. 7A). As con-
trols, the empty vector (pCGN) and the pp65 protein were
tested, and they had no effect on G1 progression. We con-
firmed this result in synchronized cultures. Quiescent cells
were infected with recombinant adenoviruses expressing wild-
type pp71, the pp71 C219G mutant, or pp65, and 6 h later cells
were stimulated with 10% FBS to reenter the cell cycle. Entry
into the S phase was monitored by BrDU incorporation. Both
pp71 and the C219G mutant were able to accelerate progres-
sion through the G1 phase of the cell cycle, but pp65 was not
(Fig. 7B). The wild-type protein had a somewhat stronger
effect on the cell cycle than did the C219G mutant, but this is
likely due to some stimulation of the quiescent cells by wild-
type pp71 during the 6-h incubation to allow for gene expres-
sion from the infecting recombinant adenovirus genomes.

We cannot rule out the possibility that the ability of pp71 to
attack the Rb-E2F pathway contributes to the acceleration in
G1 that we observe. However, the continued activity of the
C219G mutant argues that a different function of pp71 must be
responsible for the majority of the effect. pp71 may direct the
degradation of proteins other than the Rb family in an LxCxD-
independent manner. Alternatively, pp71 might stimulate G1

progression through its activity as a transcription factor. The
wild-type protein stimulates the activity of the viral major im-
mediate-early promoter as well as other viral and cellular pro-
moters (33), and here we show that the C219G mutant retains
the ability to activate the HCMV major immediate-early pro-
moter (Fig. 7C). Thus, at least for the major immediate-early
promoter, regulation of the Rb pathway is not required for
pp71 to act as a transcription factor. Therefore, it is possible
that pp71 influences expression of one or more cellular pro-
teins that regulate the rate of progression through the G1

phase.

DISCUSSION

Multiple functions have been attributed to pp71. First, it
transactivates gene expression from both viral and cellular

FIG. 6. Cells expressing pp71 fail to achieve quiescence with the
same kinetics as those of wild-type cells. (A) The indicated cell lines
were plated and serum deprived as described in Materials and Meth-
ods. The DNA content in cells 48 h after starvation was determined by
flow cytometry. The percentage of cells in each cell cycle phase is
presented with error bars denoting the standard deviations. (B) The
percent decrease in G1 was calculated relative to that for the parental
REF-52 cells for each cell line from the data in panel A.
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promoters (33). Second, it increases the infectivity of trans-
fected viral genomic DNA (2). Third, it directs degradation of
the Rb family of proteins, inducing cells to move from G0 to
the S phase of the cell cycle (26a). Fourth, we show here that
it accelerates progression of cells through the G1 compartment
(Fig. 1, 2, 4, 5, and 7). Although it could play a minor role,
degradation of Rb family members is not the major cause of its
effect on the rate of G1 progression (Fig. 7). The overexpres-
sion of cyclins also accelerates progression through the G1

compartment (23, 26, 30, 50, 56, 58), and the magnitude of

their effects on the rate of progression is similar to that ob-
served here for pp71.

The cyclins and pp71 are not the only proteins that acceler-
ate cells through the G1 phase. The signaling molecules ras,
raf, src (34), and rad (70); cdk6 (19); and the acute myeloid
leukemia-1 (AML-1) protein (68) also share this function. In
addition, human T-cell leukemia virus type 1 Tax (31) and
human papillomavirus E7 (38) also accelerate G1 phase. The
mechanisms through which these proteins advance G1 are not
completely understood. G1 acceleration by the cyclins and ras
was correlated with premature Rb phosphorylation (23, 34,
57), and kinase activity was required for cdk6 to accelerate G1

(19). Most interestingly, AML-1 proteins mutated in the trans-
activation or DNA binding domains that have lost the ability to
regulate transcription also fail to accelerate G1 (68). As the
ability to modulate gene expression is required for AML-1 to
advance G1, the same might be true for pp71, explaining why
the C219G mutant, which transactivates the major immediate-
early promoter (Fig. 7C) but does not regulate the Rb-E2F
pathway, still accelerates G1 (Fig. 7).

Whereas expression of pp71 accelerated the G1 phase, it did
not affect the overall cell cycle time (Fig. 3B and C) because
cells were slowed in progressing through the S phase (Fig. 1A
and 4D). Similar results were obtained for other proteins that
shorten G1 (1, 23, 26, 30, 50, 56, 68), but proteins that accel-
erated passage through this compartment also shortened the
cell cycle time (31, 34, 54, 60). Whether these differences are
results of the expression level of the proteins, of cell type
differences, or of unique mechanisms of G1 acceleration has
not been determined.

Expression of pp71 has at least two effects on the cell cycle:
the stimulation of quiescent cells to reenter the cell cycle and
the acceleration of cycling cells through the G1 phase. pp71
attacks the Rb pathway, degrading the hypophosphorylated
forms of Rb, p107, and p130 in a proteasome-dependent man-
ner (26a). This degradation stimulates quiescent cells to reen-
ter the cell cycle and proceed to the S phase, and it is possible
that it contributes to the ability of pp71 to accelerate progres-
sion through the G1 phase of the cell cycle (Fig. 7). Interest-
ingly, however, the major component of the G1 acceleration
afforded by pp71 does not involve its ability to attack the Rb
pathway, because a pp71 mutant that fails to degrade the Rb
family members retains the ability to accelerate movement
through the G1 phase (Fig. 7). The G1 acceleration mediated
by pp71 could result from an ability to direct the degradation
of another as yet unidentified cell cycle regulatory protein,
from its ability to regulate transcription, or from a currently
unknown function of pp71.

As noted above, HCMV encodes four proteins, IE1, IE2,
pUL69, and pp71, known to alter cell cycle progression (re-
viewed in references 10 and 29). Modulation of the cell cycle
likely facilitates the lytic cycle of the virus by forcing the cell
into a state favorable for viral replication. The genes encoding
three of the proteins, pUL69, pp71, and IE1, have been de-
leted from the virus, and each has been shown elsewhere to be
required for efficient lytic replication at low multiplicities of
infection (6, 20, 43). Although a virus lacking IE2 has not been
generated, an F plasmid carrying the viral genome with a
deletion of IE2 does not produce infectious virus upon trans-
fection into permissive cells (37). Moreover, a virus with a

FIG. 7. The ability to disrupt the Rb pathway is not required for the
pp71-induced acceleration of the G1 phase and activation of the viral
major immediate-early promoter. (A) Transient-transfection assays of
U-2 OS cells were performed as described above. The percent de-
creases in G1 of the GFP-positive cells after transfection with the
indicated plasmids are shown, with error bars indicating the standard
deviations. (B) Rat-1 cells grown on coverslips were serum starved,
infected with recombinant adenoviruses expressing the indicated pro-
teins, and labeled with BrDU according to the protocol shown above
the graph and described in the text. At 8 h, coverslips were removed
and treated as for Fig. 5B. The percent increase in S phase compared
to that for mock-infected cells was calculated as for Fig. 5C. Results of
two individual experiments are shown. C/G, C219G. (C) 12.1 mouse
fibroblasts were transfected with a luciferase reporter driven by the
HCMV major immediate-early promoter and the indicated effector
plasmid. The ratios of the luciferase activities to the optical densities at
260 nm of aliquots of the sample are shown, with error bars indicating
standard deviations. RLU, relative light units.
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temperature-sensitive allele of IE2 that is impaired in its ability
to activate transcription does not grow at the restrictive tem-
perature and fails to accumulate early mRNAs (22). Thus,
each of the gene products known to modulate the cell cycle is
required for efficient viral replication in vitro. However, be-
cause these proteins each have multiple activities, experiments
with null mutants cannot reliably examine the specific affects of
the cell cycle regulatory activities of these proteins. More so-
phisticated mutants will be needed, and even then, functional
redundancy among viral gene products might confound the
interpretation of genetic experiments.

There is precedent for a role of cell cycle regulatory proteins
in herpesvirus latency. The cyclin D homologue of murine
gammaherpesvirus 68 can induce cell cycle progression and is
oncogenic (71) but is not required for lytic replication in either
cycling or quiescent cells. Interestingly, viral cyclin mutants
were able to establish latency at a similar rate as wild-type virus
but were unable to reactivate from a latent infection (24, 72).
Thus, it was proposed that the viral cyclin is required for
altering the intracellular environment to aid in reactivation
from latency but is not required during the lytic replication
cycle.

Perhaps pp71 functions during reactivation of latent infec-
tions and its ability to degrade the Rb family and stimulate the
cell cycle is required for this effect. HCMV DNA can be de-
tected in monocytes from infected individuals, but these cells
are not permissive for viral replication because of a block to
viral immediate-early gene synthesis (39, 69). Upon differen-
tiation to macrophages, immediate-early viral genes are syn-
thesized and a lytic replication cycle ensues (41, 65, 69). The
Rb proteins are known to affect the differentiation status of
cells (reviewed in reference 32), and since pp71 targets the Rb
family and induces viral immediate-early gene synthesis, it is a
strong candidate for a regulator of HCMV latency. Our lab has
recently developed an in vitro latency assay (17) that should be
useful, in conjunction with viral mutants with defined mutant
alleles of the viral cell cycle regulators such as pp71, in deter-
mining the roles of these proteins during latency.
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